Abstract-From an engineering perspective, many forms of heart disease can be thought of as a reduction in biomaterial performance, in which the biomaterial is the tissue comprising the ventricular wall. In materials science, the structure and properties of a material are recognized to be interconnected with performance. In addition, for most measurements of structure, properties, and performance, some processing is required. Here, we review the current state of knowledge regarding cardiac tissue structure, properties, and performance as well as the processing steps taken to acquire those measurements. Understanding the impact of these factors and their interactions may enhance our understanding of heart function and heart failure. We also review design considerations for cardiac tissue property and performance measurements because, to date, most data on cardiac tissue has been obtained under non-physiological loading conditions. Novel measurement systems that account for these design considerations may improve future experiments and lead to greater insight into cardiac tissue structure, properties, and ultimately performance.
INTRODUCTION
Heart disease is a leading cause of death in the U.S. 45 From a clinical perspective, heart disease encompasses a range of pathologies including arrhythmias, ischemic heart disease, and valve dysfunction, all of which potentially lead to heart failure if untreated. From an engineering perspective, many forms of heart disease can be thought of as a reduction in biomaterial performance where the biomaterial is cardiac tissue. The materials science tetrahedron illustrates how the structure, properties, and processing of a material and ultimately its performance are interconnected ( Fig. 1 ). For the ventricular wall tissue that determines heart function, the relevant aspects of structure, defined as the arrangement of internal components, include the amount and arrangement of intra-and extracellular proteins as well as their isoforms. The relevant material properties at the singleand multi-cellular tissue levels include passive and active force-length relationships, and the active forcelength relationship sensitivity to calcium. Importantly, most of the techniques used to measure these passive and active responses in vitro subject tissues to nonphysiological static or dynamic loading at sub-physiological frequencies. In order for loading of single-and multi-cellular cardiac tissues to mimic in vivo conditions, such that robust inferences about in vivo performance can be drawn, in vitro testing protocols need to be improved. Finally, in order to obtain in vitro measurements of material properties, processing is required, which can affect structure, properties, and performance. Here, we use the material science tetrahedron (structure-property-processing-performance) perspective to consider the factors that affect the cardiac tissue contractile response in healthy states and in heart failure in vitro so that we may gain insight into heart function and heart failure in vivo.
In writing this review, our goals are to (i) summarize the current state of knowledge regarding the structureproperty-processing-performance relationships of heart tissue, (ii) highlight the design considerations of novel measurement techniques and protocols to more accurately mimic the physiological loading of cardiac tissues, and (iii) stimulate research to address key knowledge gaps, which will ultimately improve our understanding of cardiac tissue performance and our ability to suggest novel interventions to preserve or restore cardiac function. We first review the fundamentals of cardiac structure and function (''Properties: Fundamentals of Cardiac and Sarcomere Mechanics'' section). We then discuss the known impact of cardiac tissue, specifically sarcomere structural differences on properties, which can arise from differential protein isoform expression, intracellular and extracellular protein content, position within the myocardial wall, and location in the left or right ventricle, on the tissue contractile response (''Structure'' section). Then, we review the impact of processing, i.e., tissue preparation techniques and loading protocols, on measured parameters ('' Processing and measurement techniques'' section). To understand how structure and properties measured in vitro influence function in vivo, computational models are briefly reviewed (''Performance: Integration via Computational Models'' section). Finally, we discuss heart failure in this context (''Heart Failure'' section) and conclude with suggestions for future studies (''Summary and Suggestions for Future Research'' section).
PROPERTIES: FUNDAMENTALS OF CARDIAC AND SARCOMERE MECHANICS
Ventricular function, often clinically assessed via cardiac output or ejection fraction, depends on sarcomere function, loading conditions such as preload (i.e., during filling), afterload (i.e., during ejection), and interventricular interactions as well as action potential conduction and other factors. Sarcomere function is affected by calcium concentration and loading conditions including both the length of the sarcomere and the magnitude and frequency with which the load is applied.
In vivo, over the normal cardiac cycle, during isovolumic ventricular contraction (Fig. 2a, phase 1) , an influx of calcium causes sarcomere contraction with isometric loading (Fig. 2b, phase 1) at a sarcomere length (SL) that depends on preload and the support provided by the extracellular matrix (ECM). During ventricular ejection (Fig. 2a, phase 2 ), calcium concentration, regulated by the sarcoplasmic reticulum, remains high; the amount of blood ejected is dependent on the power generated during sarcomere shortening (Fig. 2b, phase 2 ). Subsequently, during ventricular relaxation (Fig. 2a, phase 3 ) and filling (phase 4), intracellular calcium is removed by Ca 2+ transporters 2 to allow isometric relaxation (Fig. 2b, phase 3 ). The extent of relaxation determines sarcomere length (phase 4), which depends again on preload and the support (or constraint) of the ECM. Sarcomere force generation can be measured in vitro by isolating myocytes, i.e., single muscle cells (Fig. 3) , or groups of myocytes surrounded by ECM proteins such as trabeculae or papillary muscles, i.e., multicellular preparations. With either the single-or multicellular preparation, the force that results from changes in calcium concentration (defined as pCa =
2log[Ca

2+
]) is typically measured as a function of sarcomere length (Fig. 4 ) using an experimental setup in which length is controlled with a linear motor and measured with optical imaging, and force is measured with a load cell. Force-length-pCa data are obtained in low pCa and high pCa solutions and active behavior is taken as the difference between total (low pCa) and passive (high pCa) responses. 10 The increase in calcium responsiveness that occurs with an increase in sarcomere length is termed length-dependent activation. 15 The properties typically used to assess sarcomere function from in vitro experiments are listed in Table 1 . They are quantified by fitting force-pCa data to a nonlinear sigmoid function modeled by the Hill Equation:
where the force generated in response to a given calcium concentration, F, or the submaximal Ca 2+ activated force, is normalized to the maximum force, F max ; pCa 50 represents the concentration of Ca 2+ ions required for half-maximal force generation; and the Hill coefficient, n H , is the slope of the fitted curve and represents the degree of cooperative binding of Ca 2+ to regulatory sites on the thin filament, also called myofilament cooperativity. The rate constant of force redevelopment, k tr , is measured using a release/restretch protocol in solutions with high and low Ca 2+ concentrations and is used to quantify the kinetics of sarcomere contraction.
Despite decades of research into cardiac tissue mechanics, our understanding is still incomplete, largely due to differences in the published literature regarding the structural components analyzed, the material properties measured, and the processing steps used in a given experiment. Computational models are an ideal approach for synthesizing the existing Isotonic contraction leads to sarcomere shortening (phase 2) and sarcomere lengthening (phase 4). FIGURE 3. Sarcomere structure. Sarcomeres are composed of thin and thick filaments and titin arranged in repeating units. Thin filaments contain actin, a globular protein that is polymerized into a filament, tropomyosin, a rod-shaped molecule that binds to actin and troponin, and troponin, which hinders myosin binding to actin by fixing tropomyosin over the actin binding site. The thick filament contains myosin and is composed of a rod-like domain (backbone) and globular domains (cross-bridges). Titin extends from the edge of the sarcomere to the middle and acts like a spring during contraction and relaxation. knowledge at the cell and cell-matrix level to the whole organ level, but even these are still hampered by limitations in the available experimental data. These limitations are highlighted by the materials science tetrahedron, which nicely illustrates how structure, material properties, processing (for in vitro measurements), and performance are inter-related and interdependent. That is, processing affects structure; structure affects material properties; and all of these factors affect performance. By reviewing the current literature in light of sarcomere structure, material properties, processing required to conduct in vitro tests on cardiac tissue, and, if known, their interactions, we hope to contribute to a more comprehensive and consistent understanding of cardiac tissue performance and ultimately cardiac function.
STRUCTURE
The arrangement of intra-and extracellular proteins as well as their isoforms contribute to ventricular wall material properties. From single myocytes studies, differences between sub-endocardium and sub-epicardium tissues, and between left and right ventricle tissues, have been found to affect sarcomere mechanics. Each of these aspects of structure is briefly described, and its effect on mechanics is discussed below.
Components of Sarcomeres
Myofilaments, the force-generating fibers of sarcomeres, are composed of titin filaments and repeating units of thin and thick filaments as illustrated in Fig. 3 . Titin, an intracellular anchor protein, works as a spring both at rest and during contraction. 66 Thin filaments consist of actin and the regulatory proteins tropomyosin and troponin, and thick filaments are composed of myosin and accessory proteins. Rod domains of myosin heavy chains comprise the backbone, while globular heads called cross-bridges protrude outward from that backbone. Light chain accessory proteins bound to the myosin globular heads provide structural reinforcement of cross-bridges but in some contractile systems, particularly smooth muscle and non-muscle systems, serve a regulatory function. The interaction of myosin cross bridges with actin generates contractile force.
Protein Isoform Expression
Cardiac sarcomeres expressing different thick and thin filament protein isoforms have been shown to have different mechanical properties. 35 For example, the thick filament myosin heavy chain isoform shifts with age and disease progression as well as animal size. 63 In particular, larger mammals have a higher expression of b-myosin heavy chain whereas smaller mammals contain more a-myosin heavy chain. 49 These thick filament protein isoform differences likely explain previously reported species-specific mechanics differences. 9, 18 Different thin filament protein isoforms can also affect sarcomere properties. For example, myocytes isolated from mice expressing b-vs. a-tropomyosin exhibited a greater pCa 50 and k tr at submaximal calcium concentrations. 43 Similarly, when troponin was replaced with a mutant isoform, calcium sensitivity increased, 34 F max decreased at all sarcomere lengths and n H decreased at short sarcomere lengths. 19 Thus, structural changes in the thick and thin filaments independently affect myocardial properties, although the mechanisms are still not understood.
Differential expression of isoforms of the intracellular spring-like protein titin has also been shown to alter contractile properties. With excision of the N2B titin isoform, pCa 50 changed more readily with sarcomere length and passive tension increased. 37 With a smaller N2B isoform, F max , pCa 50 , and n H were less dependent on sarcomere length changes compared to controls. 44 Since titin isoform expression varies with species and location within the heart, 66 some species- specific and location-specific differences in cardiac tissue material properties may be explained on this basis. Since thick, thin, and titin protein isoforms each influence sarcomere properties and since sarcomere proteins interact internally, the overall ventricular contractile response may further be influenced by interactions of multiple proteins expressing different isoforms. However, interaction effects between isoforms of different intracellular proteins have yet to be determined.
Intracellular Titin vs. Extracellular Matrix
The intracellular protein titin and the ECM proteins provide support and load bearing and are also important contributors to sarcomere mechanics. Titin influences length dependent activation, and the underlying mechanism may involve titin exerting a radial force on myofilaments. 10 The ECM is a scaffold composed predominantly of collagen, which surrounds and interconnects myofilaments. The ECM maintains the structural integrity of the heart and transmits sarcomere-generated force to the ventricles to produce pressure. 13 One important limitation of the single-cell preparation to assess sarcomere function, discussed below in ''Processing and Measurement Techniques'' section, is that isolated myocytes do not have ECM and thus the impact of collagen and other proteins on the contractile response can be difficult to assess.
To differentiate the contributions of titin from collagen, specific proteases such as trypsin have been used to degrade titin. Tension-sarcomere length relations can then be obtained in the presence and absence of titin, and the stiffness can be determined from the slope of the tension-sarcomere length relation. 66 Studies focusing on titin vs. collagen have established that myocardial tension, both passive and active, is influenced by both proteins, but the individual contributions of each are still debated. 10, 23, 66 Furthermore, contributions of titin and collagen are related to other factors, such as sarcomere length. For example, a consistent finding has been that titin dominates passive tension at shorter SLs while the contribution of collagen is higher at longer SLs.
11,23,66 _ENREF_19 Therefore, sarcomere length determines the extent to which each protein contributes to passive tension. In addition, titin-based and collagen-based tension varies between myocytes isolated from the atria and those isolated from the ventricles. 66 These data establish that (i) mechanical properties are affected by titin and collagen proteins, and (ii) the contribution of titin vs. collagen is dependent on sarcomere length and location within the heart.
Sub-Epicardium vs. Sub-Endocardium
While the underlying structural differences have not yet been identified, sarcomeres isolated from the subendocardium exhibit differences in material properties from those isolated from the sub-epicardium of the ventricular wall. 1, 8, 16 In particular, active and passive tension is greater in sub-endocardial cells, 9 which may be due to differences in sarcomere rest length and subsequently different levels of titin and collagen loading. In support of this suggestion, Chung and Granzier 11 found that the working sarcomere length range was smaller in sub-epicardial cells. Also, lengthdependent responses differ between the layers. For example, at large sarcomere lengths, pCa 50 and maximum tension were significantly higher in sub-endocardial cell preparations compared to sub-epicardial cell preparations.
1 Furthermore, with increases in sarcomere length, n H increased in sub-endocardial preparations but decreased in sub-epicardial, and the magnitude of the length-dependent response of pCa 50 and k tr was greater in sub-endocardial cells. 1 To better account for and quantify the effect of ventricular wall location on sarcomere structure, properties, and performance, measurements should be taken at multiple sarcomere lengths, with and without trypsin degradation of titin, and from additional locations within the ventricular wall.
Right vs. Left Ventricle
The right ventricle is embryologically, 68 structurally 48, 62 and functionally 47 distinct from the left ventricle, which may lead to differences in sarcomere structure. 20 Differences between LV and RV sarcomeres may be dominated by a single structural difference (i.e., protein isoform expression), caused by multiple structural differences or due to interactions between aspects of structure. An example of the latter, interactions between aspects of structure, is that sarcomere shortening is highest in LV endocardial cells, intermediate in LV epicardial cells, and lowest in RV cells. 33 The structural differences responsible for the fact that calcium sensitivity of force is greater in sarcomeres obtained in the rat LV than that from the rat RV 45 remain unknown. Similarly, it is unknown why higher shortening velocities have been found in RV tissue compared to LV tissue, despite no differences in total or passive stress. 26 Overall, these results suggest that: (i) baseline mechanical properties are different in LV and RV tissues, which may be attributed to underlying structural differences, and (ii) LV and RV sarcomere properties depend on ventricular wall position. The aspects of sarcomere structure responsible for these differences remain unclear.
PROCESSING AND MEASUREMENT TECHNIQUES
As illustrated in Fig. 1 , cardiac tissue properties and performance measured in vitro are largely dependent on the processing steps performed and the measurement techniques used. In a sense, the measurement technique can be considered an element of processing because it can induce structural changes, alter measured properties, and determine feasible loading conditions, which ultimately affect performance. The choices of multi-cellular vs. single cellular tissue preparation and whether or not tissue is permeabilized (skinned) also critically affect response parameters. Sarcomere mechanics test systems use force transducers, typically simultaneously with optical imaging. Design specifications for force transducers include resonance frequency, damping capacity, compliance, and force resolution. Several techniques have been developed to measure mechanics at the myofibril level including motility assay systems 53 and a setup including a magnetic field and wire current. 30 Improvement in instrumentation and processing can only be accomplished by accounting for critical design considerations including whether single or multi-cellular preparations are used, tissue attachment, permeabilization, and the dynamics of contraction (i.e., isometric, isotonic or both). These aspects are reviewed below.
Multi-Cellular vs. Single Cell Preparation
Cardiac sarcomere mechanics can be measured with single myocytes or multi-cellular preparations. Single cardiac myocytes are advantageous due to their homogeneity and independence from the ECM. Without ECM or cell membranes, the response of single cardiac myocytes is dependent only on the delivery of Ca 2+ to the myoplasm and the interactions of the actin and myosin that mediate contraction. However, single myocytes require more excessive processing compared to multi-cellular tissue, which includes enzymatic digestion, perfusion, sieving to remove debris, and centrifugation, 20, 22, 67 all of which can alter structure, properties, and ultimately performance. There are multiple types of multi-cellular preparations, including trabeculae, which are muscular fibers on the surface of the endocardium, and papillary muscles, which are muscular projections from the ventricular walls to the atrioventricular valves. The contractile responses of trabeculae tend to be more consistent due to their smaller radii (which ensures gas and chemical diffusion to interior cells) and more uniform myocyte spacing. 54 Disadvantages of multicellular tissue testing include variability in diffusion of chemicals from the extracellular to intracellular spaces and sample heterogeneity.
Measurement techniques used on single-and multicellular preparations also vary somewhat. Typically, sarcomere length is measured optically in single myocytes 28, 40 and with laser diffraction in multi-cellular preparations. 20, 67 From a single measurement of width, cross-sectional area is assumed to be either elliptical 39, 42, 67 or rectangular 3, 20 for single myocytes and cylindrical for trabeculae. 45, 48 Differences in tissue attachment for single and multi-cellular preparations are discussed below.
Tissue Attachment
Tissue attachment in an in vitro cardiac tissue mechanics testing system is an important design consideration. Preparations are often mounted to a linear motor for length control on one end and a force transducer on the other, 25 both of which can be attached in a variety of ways. Direct attachments including adhesives and suction pipettes are the simplest approaches but the former can be difficult to remove while the latter can induce an inertial artifact into the system. 6, 56 Stiff or compliant carbon fibers, clips, pins, or hooks are attached to preparations, 14, 23, 28, 40 but these methods cause varying amounts of tissue damage, induce stress concentrations, and increase variability. Figure 5 illustrates single myocytes connected to a force transducer via pins (panel a) and trabeculae attached via platinum hooks (panel b). In more advanced techniques, carbon fibers have been combined with electrostatic 67 and electrochemical 36 binding to reduce tissue damage. No tissue damage appears to occur when cardiac myocytes are embedded in an agarose gel 46 or in a 3D elastic hydrogel where the myocyte surface adheres to the gel by crosslinking the hydroxyl groups in the matrix 51 ( Fig. 5c) . However, these non-direct attachment systems have not been widely used to date for either single or multi-cellular preparations. A final consideration for tissue attachment is the liquid-air interface. The attachment device is often submerged in medium, and the surface tension forces at the interface may be greater than the cell forces. 5 In at least one case, a microtransducer system was fabricated to remove the surface tension artifact. 39 
Permeabilization
Permeabilization, which entails cellular membrane removal, is advantageous in that it removes force contributions from connective tissue and time-varying changes in intracellular Ca 2+ but disadvantageous because it can cause myofilament lattice swelling, 29 which moves myosin farther from actin binding sites. A study that directly compared permeabilized to intact trabeculae determined that the slope and calcium responsiveness decreased in the permeabilized group. 21 This loss of calcium sensitivity may be explained by reduced actin-myosin interactions 32 or losses of regulatory proteins in the permeabilized tissue. 21 In another study, n H was found to be unaffected by this process. 17 F max , pCa 50 , and n H also had similar trends in intact and skinned tissues in heart failure, 14 suggesting these aspects of sarcomere mechanics may be unaffected by permeabilization. We conclude that skinning can affect aspects of sarcomere mechanics, which may be due to a non-physiological increase in filament lattice spacing or possibly the loss of regulatory proteins from the thick and thin filaments.
Dynamics of Contraction
Most studies of sarcomere mechanics use non-physiological loading to create a force-pCa curve in which tissues are held at one or one of several fixed sarcomere lengths (isometric contraction). Isotonic and sinusoidal length interventions are also used, but none of these protocols accurately mimic in vivo, dynamic, physiological loading. To address this, several novel techniques use transitions between isometric and isotonic loading to create a force-length work loop in single 28, 40 or multi-cellular 54 preparations that is analogous to the ventricular pressure-volume loop. Initially, force development occurs during an isometric contraction stimulated by an electrical pulse ( Fig. 2b; phase 1) . The tissue is then allowed to shorten isotonically (phase 2). Then, length is fixed at this shortened distance for force dissipation (isometric relaxation; phase 3) and finally the tissue is lengthened and the force of contraction is measured (a passive re-lengthening; phase 4). The principal limitation for these protocols is that testing is conducted at a sub-physiological frequency; improved instrumentation would allow dynamic loading at physiological frequencies.
Using dynamic loading protocols that impose work loops, additional contractile response parameters have been established. The Frank-Starling Gain index is the ratio between slopes in the end systolic and end diastolic force-length relationships derived from the work loops, 4 and the net mechanical efficiency is the ratio of work done to the total energy expenditure (heat and work). 54 These metrics help to further characterize the performance of cardiac tissue in a more physiological loading pattern.
Improving the measurement techniques for sarcomere mechanics can be accomplished by: (i) designing novel attachment mechanisms to prevent tissue damage which may be specific to single vs. multi-cellular preparations and (ii) subjecting tissue to dynamic protocols which more accurately mimic physiological loading. In the future, it will be important to make these novel systems widely available so that data can be collected from multiple species and in multiple conditions to better improve our understanding of cardiac mechanics.
PERFORMANCE: INTEGRATION VIA COMPUTATIONAL MODELS
Sarcomere generated force underlies pressure development in the ventricles. Understanding the dynamics of the latter from the details of the former requires integrating information at multiple scales. Computational models allow measurements made at the single and multi-cellular levels to be related to whole heart performance through the integration of myofilament mechanics, myofilament and ECM orientation, and overall ventricular anatomy (wall thickness, chamber volume, etc.).
12,38,52
Computational models of the heart, and insights gained from them, have recently been comprehensively reviewed. 41, 57 In brief, at the subcellular level, cuttingedge myofilament models simulate actin-myosin interactions as well as calcium based activation; 57 models also exist of electrical communication across cell-cell junctions. 27 Sarcomere dynamics, including changes in sarcomere length and calcium binding, 65 have been incorporated into finite element models of the human ventricles. 64 Furthermore, the availability of oxygenated blood via the coronary arteries and the impact of fluidstructure interactions on myocardial perfusion have also been simulated. 41 A great advantage of models is the ability to predict the effects of disease progression and novel therapies on heart function. 41, 57 The next big advance may be models that integrate not only spatial and temporal scales, structure and properties to predict performance, but also incorporate advanced clinical imaging of structure and function that enable personalized computational models to be developed.
HEART FAILURE
Heart failure is frequently assessed by mechanical pump function parameters including ejection fraction, cardiac output, stroke volume, and measures of contractility including end-systolic elastance and pre-load recruitable stroke work. 31, 42, 55, 58 While some of these metrics can be obtained from clinical right heart catheterization (ejection fraction, cardiac output and stroke volume), the afterload independent metrics of heart function (end systolic elastance and preload recruitable stroke work) require simultaneous pressure and volume measurements and can involve preload reduction in order to obtain the measurements.
Understanding the structural and material property changes in end-stage heart failure may lead to the development of novel prevention therapies. Structural changes during heart failure can include maladaptive ECM remodeling, cardiac myocyte hypertrophy, and alterations in protein isoform expression such as a shift in expression from the a-myosin heavy chain isoform to the b-myosin heavy chain isoform. 24 Material property changes with heart failure include calcium sensitivity. 60 When measured under isometric conditions, pCa 50 is higher (i.e., a lower [Ca 2+ ]) in failing compared to healthy ventricular wall tissue. 45, 59, 61 Also, the length dependent change in calcium sensitivity (DpCa 50 ) is smaller in failing vs. non-failing hearts, 7, 50 which indicates that the length-dependence of pCa 50 , which underlies heart function, is impaired in heart failure. Interestingly, heart failure appears to manifest differently in the RV vs. the LV. In particular, F max and pCa 50 increase in the failing RV but not the failing LV. 45 Future studies on the specific relations between structural and material property changes during heart failure will contribute to a more holistic understanding of the ventricular contractile response with the hope of preventing and treating heart failure.
SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH
The materials science tetrahedron illustrates the important inter-relations between properties (''Properties: Fundamentals of Cardiac and Sarcomere Mechanics'' section), structure (''Structure'' section), processing required for in vitro measurements (''Processing and Measurement Techniques'' section) and performance (Sect. Performance: Integration via Computational Models'' section). For example, as discussed above, protein isoforms affect material properties and some isoforms shift during heart failure. Importantly, different isoforms of various proteins may interact during various phases of the cardiac cycle, which is a direction for future studies. Differential isoforms have been shown to have varying effects on properties at different sarcomere lengths, which in turn influence length-dependent properties. Depending on the sarcomere length, the structural proteins titin (which is intracellular) and collagen (which is extracellular) will have different contributions to properties. Also, the working range of sarcomere length differs between the endocardium and epicardium, and may differ between the RV and LV, which is yet another way that structure influences properties and possibly vice versa. Finally, in vitro, processing steps such as permeabilization, the choice of attachment method, and loading protocol can impact measured properties as well as measured structure. To relate all of these measurements at the single and multi-cellular level to whole heart performance, computational models are critical.
Based on this review of the literature from the materials science perspective, we have the following recommendations for future research into cardiac tissue structure, properties and performance:
1. Tissue must be excised from different wall layers and ventricles since structure and material properties vary with location in the heart. 2. The specific age and size of the animal model must be considered as protein isoforms are age and size dependent. 3. Measurements should be obtained at several sarcomere lengths since the sarcomere working length varies with heart wall layers and will be differently affected by titin and collagen at different sarcomere lengths. 4. Processing steps should be minimal, with no tissue damage due to attachment to measurement apparatus, no alternation of contractile proteins via permeabilization, and using measurement techniques that permit dynamic loading protocols at physiological frequencies. 5. Computational models should incorporate cellular and whole organ function and enable patient-specific prediction of disease progression and efficacy of therapy.
Overall, improving our understanding of the structure-property-processing-performance tetrahedron of heart tissue will improve our understanding of heart health and heart failure.
